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Minimum reoombination and low i n j e c t i o n  l e v e l  a r e  e s s e n t i a l  f o r  high 
e f f i c i ency .  Twenty percent  AM1 e f f i c i ency  requ i res  a dark recombination 
c u r r e n t  d e n s i t y  of  2x10'-I A I C ~ ~  and a reoombination c e n t e r  d e n s i t y  o f  l e s s  than 
about lo1 O ~ m ' ~ .  Recombination mechanisms a t  t h i r t e e n  l o c a t i o n s  i n  a conven- 
t i o n a l  s i n g l e - c r y s t a l l i n e  s i l i c o n  c e l l  design a r e  reviewed. Three a d d i t i o n a l  
reoombination l o c a t i o n s  a r e  described a t  g r a i n  boundaries i n  po lyc rys ta l l ine  
c e l l s .  Mater ia l  pe r fec t ion  and f a b r i c a t i o n  process opt imizat ion  requirements 
f o r  high e f f i c i e n c y  are outl ined.  Innovative device des igns  t o  reduce recom- 
b ina t ion  i n  t h e  bulk and i n t e r f a c e s  of s i n g l e - c r y s t a l l i n e  c e l l s  and i n  t h e  
g r a i n  boundary of poly-crys ta l l ine  c e l l s  a r e  reviewed. 
I. INTRODUCTION 
Increas ing e f f i c i e n c y  and lowering c o s t  have been t h e  main ob jec t ives  of  
s o l a r  c e l l  research  t o  achieve cos t  p a r i t y  with o t h e r  e l e c t r i c a l  power genera- 
t i o n  methods. S ing le -c rys ta l l ine  s i l i c o n  cell  e f f i c i e n c y  approaching 18% (AM1) 
has been a t t a i n e d  under production environment, moving t h e  c u r r e n t  research  
t a r g e t  t o  20% o r  beyond 113. Poly-crystal l ine s i l i c o n  c e l l  approach may lower 
t h e  manufacturing c o s t  f u r t h e r  t o  a competitive l e v e l .  
This  paper w i l l  provide a review of t h e  requirements f o r  achieving high 
e f f i c i e n c i e s .  The next  sec t ion ,  11, w i l l  review t h e  dark  d.c. current-voltage 
c h a r a c t e r i s t i c s  of  a c e l l .  Sect ion I11 descr ibes  t h e  dominant recombination 
mechanisms a t  t h i r t e e n  loca t ions  i n  s ing le -c rys ta l l ine  and t h r e e  a d d i t i o n a l  
g r a i n  boundary loc'ations i n  poly-crystal l ine c e l l s .  Sect ion  I V  ou t l ines  t h e  
ma te r i a l  requirements f o r  minimizing reoombination. Sect ion  V g ives  a discus- 
s i o n  o f  process optimizat ions f o r  high e f f i c i ency .  Device design optimizat ions 
f o r  high e f f i c i e n c y  are reviewed i n  sec t ion  V I .  Sec t ion  V I I  g ives  a summary. 
11 D. C. CURRENT-VOLTAGE CHARACTERISTICS 
The doc .  current-voltage c h a r a c t e r i s t i c s  of a s o l a r  c e l l  i n  t h e  dark 
provides a c l e a r  i n d i c a t i o n  of  its performance under sun l i g h t .  It can be 
expressed genera l ly  by the  diode equation 
where J is t h e  dark cur ren t  dens i ty   om^), J, is the  recombination cur ren t  
dens i ty  c o e f f i c i e n t  ( ~ / c m *  ) which w i l l  be c a l l e d  recombination cur ren t ,  q is 
t h e  charge of the  e l ec t ron ,  V is the  voltage ac ross  the  c e l l  with p-side 
pos i t ive  and n-side negative i n  the  p/n junction c e l l ,  r is t h e  recombination 
law o r  junct ion  i d e a l i t y  f a c t o r ,  k is the  Boltzmann constant  and T is t h e  c e l l  
temperature. 
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Tks h i g h e s t  e f f i c i e n c y  is achieved when both Jr and r a r e  smll, The 
demndenee on r is i l lkus tsa ted  by t h e  i l b m i n a w d  eu~$enL;evoltage eharae te r -  
i s t ic  of a s o l a r  c e l l  i n  Flg.1 whose equ iva l en t  c i r c u i t  is a l s o  g iven  i n  t h i s  
f igure .  It is ev iden t  t h a t  t h e  smallest r g i v e s  t h e  largest a r e a  under t h e  
i l l m i n a t e d  1 - V  curve and hence t h e  h i g h e s t  power d e l i v e r a b l e  t o  t h e  load ,  In 
a practical @ebb whose e f f i c i e n c y  l o s s  o m e s  frm e l e c t r o a - b l e  ~ e c a b i n a t f s n  
a t  t r a p s  due t o  c r y s t a l l i n e  imperfec t ions ,  t h e  lowes t  recombination f a c t o r  
is r = l .  This  corresponds t o  low l e v e l  i n j e c t i o n ,  t h a t  is, t h e  photogenerated 
e l e c t r o n  and ho le  concen t r a t ion  l e v e l s  are much less t h a n  t h e  da rk  e q u i l i b r i m  
ma jo r i ty  c a r r i e r  ( e l e c t r o n  i n  n-type o r  ho le  i n  p-type s i l i c o n )  concent ra t ion ,  
The l i m i t i n g  recombination is v i a  imperfec t ion  l o c a t e d  i n  t h e  base l a y e r  o f  t h e  
cell under t h e  low l e v e l  condi t ion  i n  a proper ly  designed h igh  e f f i c i e n c y  c e l l .  
The o t h e r  I - V  curves i n  Fig.  1 a r e  from d i f f e r e n t  recombination and 
conduct ion mechanisms. The i d e a l  zero  recombination case, r = O ,  is a l s o  'mown 
a s  t h e  th re sho ld  diode.  The r = 2 / 3  case  comes from ze ro  imperfec t ion  s o  t h a t  
t h e  r e s i d u a l  recombination is due t o  t h e  d i r e c t  recombination of a n  e l e c t r o n  
with a  ho le  dur ing  which another  e l e c t r o n  o r  h o l e  c a r r i e s  away t h e  recombina- 
t i o n  energy. This  is  known a s  t h e  in te rband Auger recombination. The f a c t o r  
2/3 arises from t h e  high i n j e c t i o n  l e v e l  cond i t i on  i n  a n  in t e rband  Auger 
recombination-limited c e l l  s i n c e  e l e c t r o n  and ho le  d e n s i t i e s  a r e  i n c r e a s i n g  
with t h e  te rmina l  vo l t age  V as exp(qV/2kT) whi le  t h e  recombination r a t e  o r  
c u r r e n t  is  i n c r e a s i n g  wi th  t h e  product of concen t r a t ion  o f  two e l e c t r o n s  and 
one h o l e  o r  one e l e c t r o n  and two ho le s ,  N*P o r  N P ~ .  Addi t iona l  d i scuss ions  and 
r e f e r e n c e s  are given by t h i s  a u t h o r  i n  a r e c e n t  review a r t i c l e  C2J. The r = 2  
case comes from high- leve l  recombination a t  t h e  imperfec t ion  cen te r s .  The SCL 
curve h a s  t h e  c u r r e n t  l i m i t e d  by t h e  space  charge of  t h e  photogenerated e lec-  
t r o n s  and h o l e s ,  known a s  t h e  space-charge-limited case .  It is  t h e  worse e f f i -  
c iency  case and was a  l i m i t a t i o n  of  some e a r l i e r  amorphous s i l i c o n  c e l l s  [ 31  
whose base l a y e r  has  a r a t h e r  high r e s i s t i v i t y .  
Thus, t h e  h i g h e s t  e f f i c i e n c y  f o r  t h e  c u r r e n t  technology i n  which 
e lec t ron-hole  recombination a t  the t r a p s  due t o  imperfec t ions  dominates is a 
cell  whose r should be made t o  approach one and whose recombination c u r r e n t  
dens i ty ,  J, o r  J1, be reduced t o  as smal l  a va lue  as poss ib le .  
I n  Table I, t h e  t h e o r e t i c a l  r e s u l t s  t h a t  r e l a t e  J 1  t o  t h e  AM1 e f f i c i e n c y  
are given. They show t h a t  i n  o r d e r  t o  reach  a 20% AM1 e f f i c i e n c y  g iven  i n  t h e  
column l a b e l e d  EFF, t h e  recombination c u r r e n t  d e n s i t y ,  JL, must be less than 
0.2 pico-ampere p e r  square  oent imeter .  They a l s o  show t h a t  f o r  each 21  
i n c r e a s e  of  t h e  e f f i c i e n c y ,  t h e  recombination c u r r e n t  d e n s i t y  must decrease  by 
one o r d e r  o f  magnitude. It lowers t o  0.2 femto-ampere p e r  squa re  cen t ime te r  i n  
o r d e r  f o r  t h e  e f f i c i e n c y  t o  reach 26%. A t  t h i s  low recombination l o s s  l e v e l ,  
t h e  recombination even t s  a r e  dominated by t h e  in t e rband  Auger mechanism i n s t e a d  
of  t h e  t r a p  mechanism and t h e  former l i m i t s  t h e  i n t r i n s i c  o r  u l t ima te  e f f i -  
c iency  t o  about  25% f o r  s i l i c o n  s o l a r  c e l l  a t  AM1 i l l u m i n a t i o n  on t h e  e a r t h  
s u r f a c e  121. 
The f i g u r e s  i n  t h e  t a b l e  a r e  obtained by a  s imple  ca lcu . la t ion  t o  maximize 
t h e  output  power t o  t h e  load ,  P = I V ,  using Eq.(l) with r=l. The s h o r t  c i r c u i t  
c u r r e n t ,  JSC, is  taken t o  be a  cons tan t  36.0 m ~ / c r n ~  while  t h e  c e l l  temperature.  
is assumed t o  be a t  297.15K o r  24C. VOC is  t h e  open c i r c u i t  vol tage.  FF is 
t h e  P i l l  f a c t o r ,  sometimes c a l l e d  t h e  curve f a c t o r  (CF) and i t  is  def ined  by 
FF=PMAX/ (JSCVOC ) where PKAX is t h e  maximum a v a i l a b l e  power. 
EII. RECQMBINATIBN LOG WTIBNS AND MEGHMIWS 
I n  o r d e r  ts r e d u c e  and e l i m i n a t e  recombina t ion  l o s s e s ,  a r e v i e w  sf t h e  
s e c o m b i n a t t s n  I s e a t i o m  and d m i n a n t  recsmlsiwatisn me@hanisms is g i v e n  i n  t h i s  
s e c t i o n .  The s i n g l e - c r y s t a l l i n e  c e l l  w i l l  be d i s c u s s e d  f i r s t  fo l lowed  by an 
e x t e n s i o n  t o  p o l y - c r y s t a l l i n e  c e l l s .  
A. SINGLE-CRYSTALLINE CELL 
A c o n v e n t i o n a l  s i n g l e - c r y s t a l l i n e  c e l l  s t r u c t u r e  is used whose 
c r o s s - s e c t i o n a l  view is g i v e n  i n  Fig .  2. T h i r t e e n  recombina t ion  l o c a t i o n s  are 
i d e n t i f i e d  and n u m e r i c a l l y  l a b e l e d .  These are now d e s c r i b e d  by d e v i d i n g  t h e  
c e l l  i n t o  f o u r  e l e c t r i c a l l y  a c t i v e  l a y e r s  i n  t h e  f o u r - l a y e r  model. 
EMITTER QUASI-NEUTRAL LAYER 
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1 .  C o n t a c t  Metal t o  S i l i c o n  E m i t t e r  I n t e r f a c e  
Thermal recombina t ion  dominates  a t  t h e  i n t e r f a c e  t r a p s ,  e s p e c i a l l y  when 
t h e  i n t e r f a c i a l  c o n t a c t  l a y e r  is imbedded w i t h  o x i d e  i s l a n d s  which c a n  
g i v e  rise t o  s i l i c o n  and oxygen d a n g l i n g  bonds t h a t  are e f f i c i e n t  
e l e c t r o n - h o l e  recombinat ion s i t e s .  These a r e  similar t o  t h e  i n t e r f a c e  
t r a p s  which a l s o  degrade t h e  performance o f  m e t a l - o x i d e - s i l i c o n  f i e l d -  
e f f e c t  t r a n s i s t o r s .  Th i s  recombina t ion  is  a l s o  known as t h e  Shockley- 
Read-Hall (SRH) the rmal  recombina t ion  mechanisms i n  which t h e  recombina- 
t i o n  e n e r g y  is d i s s i p a t e d  by l a t t i c e  v i b r a t i o n  o r  phonon emiss ion .  
2. A n t i - R e f l e c t i o n  Coated Oxide t o  S i l i c o n  E m i t t e r  I n t e r f a c e  
SRH t h e r m a l  as w e l l  a s  t h e  in te rband-  and bound-Auger recombina t ion  
mechanisms c a n  be i m p o r t a n t ,  t h e  fo rmer  a t  t h e  o x i d e / s i l i c o n  i n t e r f a c e  
t r a p s  due t o  d a n g l i n g  s i l i c o n  and  oxygen bonds and  t h e  l a t t e r  due t o  t h e  
h i g h  c o n c e n t r a t i o n  o f  m a j o r i t y  c a r r i e r  o r  dopan t  i m p u r i t y  a t  t h e  s i l i c o n  
s u r f a c e  under  t h e  o x i d e / s i l i c o n  i n t e r f a c e .  
3.  Bulk E m i t t e r  Layer  
SRH the rmal  and t h e  in te rband-  and bound-Auger recombina t ion  mechanisms 
can  be i m p o r t a n t  due t o  t h e  h i g h  dopan t  i m p u r i t y  d e n s i t y  which c a n  r e s u l t  
i n  h i g h  d e n s i t y  o f  t r a p s  i n  t h e  emitter l a y e r .  
4. E m i t t e r  P e r i m e t e r  
Saw damage and  exposed chemical ly-e tched s u r f a c e  a t  t h e  emitter p e r i m e t e r  
w i l l  have b o t h  h i g h  d e n s i t y  of d a n g l i n g  s i l i c o n  bonds and non-dopant 
i m p u r i t i e s  which may be e l e c t r o n - h o l e  recombina t ion  t r a p s .  
WITTEW SPACE CHARGE LAYER 
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5, W i t t e r  Bulk Space Charge Layer  
Dominant recombina t ion  i n  t h i s  l a y e r  is mainly  t h r o u &  t h e  the rmal  SWK 
mechanism a t  t r a p s  due t o  r e s i d u a l  non-dopant i m p u r i t i e s .  A r = 2  v a l u e  
can  be expec ted  f o r  t h e  most dominant t r a p s  w i t h  bound state energy  l e v e l  
a t  t h e  midgap p o s i t i o n  o f  t h e  s i l i c o n  energy  gap. G e n e r a l l y ,  1 < r < 2 
h a s  been observed.  
6. E m i t t e r  P e r i m e t e r  Space Charge Layer 
The dominant recombina t ion  is a l s o  t h e  the rmal  SRH mechanism a t  t h e  t r a p s  
due t o  d a n g l i n g  s i l i c o n  bonds a t  t h e  exposed s u r f a c e  and s i l i c o n  and 
oxygen d a n g l i n g  bonds a t  p a r t i a l l y  oxide-covered s i l i c o n  s u r f a c e .  
BASE QUASI-NEUTRAL LAYER 
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7, Bulk Base Layer  
The 20% e f f i c i e n c y  i s  l i m i t e d  by t h e  e x t r i n s i c  recombina t ion  mechanism 
due t o  the rmal  SRH recombinat ion a t  r e s i d u a l  non-dopant i m p u r i t y  t r a p s  
and a t  p h y s i c a l  d e f e c t s  o r  d a n g l i n g  s i l i c o n  bonds. The u l t i m a t e  e f f i -  
c i e n c y  o f  25 t o  262 is l i m i t e d  by t h e  i n t r i n s i c  recombina t ion  mechanisms 
o f  i n t e r b a n d  Auger recombinat ion and i n t e r b a n d  r a d i a t i v e  recombina t ion  
o f  e l e c t r o n s  w i t h  h o l e s  d i r e c t l y .  
8. Back Contac t  Metal  t o  S i l i c o n  I n t e r f a c e  
T h i s  is  s i m i l a r  t o  t h e  f r o n t  c o n t a c t  m e t a l  t o  s i l i c o n  i n t e r f a c e  d e s c r i b e d  
f o r  l o c a t i o n  1 p r e v i o u s l y .  However, i t s  recombina t ion  r a t e  cou ld  be 
h i g h e r  due t o  t h e  lower  dopant  i m p u r i t y  c o n c e n t r a t i o n  t h a n  t h a t  o f  t h e  
d i f f u s e d  f r o n t  s u r f a c e ,  t h e  l a t t e r  may have a  p o t e n t i a l  b a r r i e r  r e p u l s i v e  
t o  m i n o r i t y  c a r r i e r s .  The the rmal  SRH mechanism dominates .  Two d e v i c e  
d e s i g n s  have been employed t o  reduce  t h i s  l o s s .  One i s  t h e  use  o f  a v e r y  
t h i c k  s i l i c o n  wafer .  The o t h e r  is  t h e  u s e  o f  a b u i l t - i n  e l e c t r i c  f i e l d  
from t h e  dopant  i m p u r i t y  c o n c e n t r a t i o n  g r a d i e n t  t o  r e p u l s e  t h e  photo- 
g e n e r a t e d  m i n o r i t y  c a r r i e r s .  T h i s  is known a s  t h e  back s u r f a c e  f i e l d  
c e l l  and d i s c u s s e d  i n  t h e  f o l l o w i n g  s u b s e c t i o n  w i t h  l o c a t i o n  n u m b e r s  10 
t o  13. 
9. Base Layer  P e r i m e t e r  
Thermal S R H  recombina t ion  donainates a t  t h e  t r a p s  due t o  d a n g l i n g  s i l i c o n  
bonds a t  t h e  exposed and saw damaged s u r f a c e  and s i l i c o n  and oxygen 
d a n g l i n g  bonds a t  t h e  p a r t i a l l y  oxide-covered s u r f a c e  f r m  e t c h i n g  
r e s i d u a l s .  
BACK-SURFACE-FIELD LAYER 
A I I I A A I A A A I A A I I I A I I I A 1 A ~  
The c ros s - sec t iona l  view of  t h e  Back-Surface-Field (BSF) s o l a r  c e l l  
s t r u c t u r e  i s  shown i n  F igs  3. The BSF l a y e r  can be f a b r i c a t e d  e i t h e r  
by a l l o y i n g  aluminun i n t o  a p-type s i l i c o n  bulk  s i n c e  aluminum is a 
dopant  accep to r  impur i ty  wi th  s o l u b i l i t y  above 1018 ~ l / c m ~ ,  o r it can  
be f a b r i c a t e d  by s o l i d  s t a t e  d i f f u s i o n  o f  e i t h e r  boron i n t o  a  p-type 
s u b s t r a t e  o r  phosphorus, a r s e n i c  o r  antimony i n t o  a n-type s u b s t r a t e .  
The aluminum a l l o y i n g  is a n  e a r l i e r  t echnique  which is n o t  a s  e f f e c t i v e  
due t o  deep and less c o n t r o l l e d  p e n e t r a t i o n  o f  t h e  a l l o y  l a y e r  i n t o  t h e  
s i l i c o n  base C43 whi le  t h e  d i f f u s e d  BSF l a y e r  i n  18% s i l i c o n  c e l l s  ha s  
been demonstrated more r e c e n t l y  but  is l e s s  r ep roduc ib l e  due t o  t h e  
imper f ec t ions  in t roduced  dur ing  h i g h  tempera ture  d i f f u s i o n .  
10. Bulk N+ ( o r  P+) Layer 
Th i s  i s  a h i g h l y  doped l a y e r  where t h e  recombinat ion l o s s e s  a r e  mainly 
due t o  t h e  thermal  SRH mechanism a t  t r a p s  a r i s e n  from t h e  heavy doping. 
11. Back Contact  Metal t o  S i l i c o n  I n t e r f a c e  
Recombination a t  t h i s  i n t e r f a c e  is i d e n t i c a l  t o  t h a t  a t  t h e  s i m i l a r  f r o n t  
i n t e r f a c e .  However, i t s  e f f e c t  on e f f i c i e n c y  is  less s i n c e  i t  i s  away 
from t h e  r eg ion  where e l e c t r o n s  and h o l e s  a r e  genera ted  by l i g h t .  
12, Back Oxide t o  S i l i c o n  I n t e r f a c e  
Recombination a t  i n t e r f a c e  t r a p s  on t h e  back i n t e r f a c e  h e r e  is  s i m i l a r  
t o  t h a t  a t  t h e  f r o n t  i n t e r f a c e  d i scussed  f o r  l o c a t i o n  2 above. The 
e f f e c t  on e f f i c i e n c y  is aga in  s m a l l e r  t h a n  t h a t  from t h e  f r o n t  i n t e r f a c e .  
However, recombination l o s s e s  at both l o c a t i o n s  11 and 12 cannot be 
neg lec t ed  i n  h igh  e f f i c i e n c y  c e l l  des igns .  
13. Back Sur face  F i e l d  Perimeter  
Recombination i n  t h i s  l a y e r  i s  dominated mainly by t h e  thermal  SRH 
mechanism due t o  t h e  presence o f  s u r f a c e  and i n t e r f a c e  t r a p s  similar t o  
t hose  p re sen t  a t  t h e  o t h e r  p a r t  o f  t h e  per imeter  s u r f a c e ,  such a s  
l o c a t i o n s  4 ,  6 and 9. However, a h igh  i n t e r f a c i a l  recombination l o s s  
can s e r i o u s l y  o f f s e t  t h e  e f f e c t  o f  s h i e l d i n g  t h e  back con tac t /  and oxide/ 
s i l i c o n  i n t e r f a c e  recombination sites from t h e  photogenerated mino r i t y  
c a r r i e r s  [4]. 
B. POLY-CRYSTALLINE CELLS 
A l l  of t h e  above recombination l o c a t i o n s  and mechanisms a r e  impor tan t  i n  
p o l y - c r y s t a l l i n e  c e l l s .  Most a r e  emphasized s i n c e  t h e r e  a r e  more non-dopant 
impur i ty  t r a p s  and more phys ica l  d e f e c t s  i n  t h e  p o l y c r y s t a l l i n e  s i l i c o n  
ma te r i a l .  I n  a d d i t i o n  t o  t he se ,  an important  and f r equen t ly  dominating l o s s  of 
photogenerated e l e c t r o n s  and holes  is recombination a t  t h e  g r a i n  boundaries  
s e p a r a t i n g  t h e  s i n g l e - c r y s t a l l i n e  g r a i n s  i n  t h e  p o l y - c r y s t a l l i n e  m a t e r i a l s .  We 
env i s ion  t h r e e  g r a i n  boundary l o c a t i o n s  which have somewhat d i f f e r e n t  recom- 
binat ion  mechanisms and rates, These are discussed using P i g ,  4, 
Grain  Boundary in the  Bulk  Film 
Gra in  boundary has  h igh  d e n s i t y  of dangl ing  s i l i c o n  bonds which are 
recombination s i tes  f o r  e l e c t r o n s  and ho le s ,  Gra in  b o w d a r i e s  p e n e t r a t e  
t h r o u a  t h e  e n t i r e  p o l y - c r y s t a l l i n e  s i l i c o n  f i l m  pass ing  through t h e  f o u r  
l a y e r s :  t h e  N+ e m i t t e r  l a y e r ,  t h e  N+/P emitter j u n c t i o n  space  charge 
l a y e r ,  t h e  P quas i -neu t r a l  base and t h e  P/P+ BSF l a y e r .  I n  each l a y e r ,  
t h e  recombination r a t e  a t  t h e  g r a i n  boundary t r a p s  is  d i f f e r e n t  a l though 
a l l  wi th  t h e  same t h e m a l  SRH recombinat ion mechanism. 
15. Grain Boundary I n t e r s e c t  a t  t h e  Oxide/Si l icon-Emit ter  I n t e r f a c e  
Again t h e  thermal  SRH mechanism and t h e  in te rband-  and bound-Auger 
mechanism may dominate t h e  e lec t ron-hole  recombination. However, t h e  
h igh  d e n s i t y  o f  dangl ing bond t r a p s  a t  t h e  g r a i n  boundary would f u r t h e r  
i n c r e a s e  t h e  recombination l o s s  a t  t h i s  i n t e r s e c t i o n .  
16. Gra in  Boundary I n t e r s e c t  a t  Contact-Metal/Silicon-Emitter I n t e r f a c e  
The high d e n s i t y  of  t r a p s  i n  t h e  g r a i n  boundary would a l s o  i n c r e a s e  t h e  
recombination l o s s  a t  t h i s  con tac t .  
I V .  MATERIAL IMPERFECTIONS 
If quantum mechanical e l e c t r o n  bound s t a t e s  a r e  p re sen t  a t  an  imperfec- 
t i o n  i n  a  c r y s t a l ,  i t  w i l l  t r a p  o r  bound an  e l e c t r o n  and e f f e c t i n g  t h e  
recombination o f  a  h o l e  wi th  t h e  t rapped  e l e c t r o n .  A s i m i l a r  e l ec t ron -ho le  
recombination can occur  a t  a n  imperfec t ion  which h a s  a  h o l e  bound s t a t e  o r  can 
t r a p  a  ho le .  Such a n  e l e c t o n i c a l l y  a c t i v e  imper f ec t ion  is commonly known as 
a n  e l e c t r o n i c  ( e i t h e r  e l e c t r o n  o r  ho l e )  t r a p .  Imperfec t ions  can a l s o  a c t  a s  
a tomic t r a p s  which can t r a p  and r e l e a s e  o t h e r  atoms o r  i o n s ,  f o r  example t h e  
hydrogen t r app ing  p rope r ty  of  t h e  group-111 accep to r s  (B, A l ,  Ga and I n )  
r e c e n t l y  d i scovered  by us  [61. An imperfec t ion  i n  a  c r y s t a l  can be an 
e l e c t r o n i c  t r a p ,  a n  atomic t r a p ,  e i t h e r  a n  e l e c t r o n i c  t r a p  o r  a n  atomic t r a p  
d i f f e r i n g  i n  a tomic con f igu ra t i on ,  both a n  e l e c t r o n i c  t r a p  and a n  atomic 
t r a p ,  and n e i t h e r  a n  e l e c t r o n i c  nor an  atomic t r a p .  It is ev iden t  t h a t  a  
combination o f  t h e s e  p r o p e r t i e s  t o  e l i m i n a t e  t h e  e l e c t r o n i c  t r a p p i n g  p rope r ty  
o r  t h e  e l e c t r o n i c  bound s t a t e  would be t h e  goa l  f o r  improving e f f i c i e n c y .  The 
oxygen and s i l i c o n  dangl ing  bond type of  imper fec t ion  a t  t h e  o x i d e / s i l i c o n  
i n t e r f a c e  is  a n  example i n  which i ts e l e c t r o n i c  t r a p  o r  e l ec t ron -ho le  recom- 
b i n a t i o n  p r o p e r t i e s  can be e l imina t ed  by atomic o r  hydrogen t r a p p i n g  which is 
known a s  hydrogenation of  t h e  dangl ing  bonds. I n  a d d i t i o n ,  impe r f ec t ions  may 
a l s o  aggrega te  t o  form extended conduction pa ths  o r  i n s u l a t i n g  reg ions  which 
may s e r i o u s l y  reduce t h e  c e l l  e f f i c i e n c y  by d i s t o r t i n g  t h e  i d e a l  cu r r en t -  
vo l tage  c h a r a c t e r i s t i c s  of  t h e  s o l a r  c e l l  junc t ion .  
Ma te r i a l  imper fec t ions  can be d iv ided  i n t o  two groups ,  t h e  chemical 
i m p u r i t i e s  and t h e  phys ica l  d e f e c t s .  These a r e  b r i e f l y  d i s cus sed  below. 
I .  Recombination S i t e s  
Meta l s  (Au, T i ,  V, Mo, W ,  Zn, Ag and o t h e r s )  and non-metals (S, Se, 
Te and o t h e r s )  a r e  known e l e c t r o n i c  t r a p s  in s i l i c o n .  Au is  a 
dominant r e s i d u a l  t r a p  i n  unprocessed s i n g l e  c r y s t a l  s i l i c o n  and 
af ter  h igh  tempera ture  i n t e g r a t e d  c i r c u i t  processing.  T i ,  Mo and W 
were shown t o  be among t h e  dominant r e s i d u a l  i m p u r i t i e s  i n  s o l a r  cell  
grade  s i n g l e  c r y s t a l  and t h e s e  metals cannot  be e a s i l y  and completely 
g e t t e r e d  o u t  o f  t h e  c e l l  l a y e r s  d u r i n g  c e l l  f a b r i c a t i o n .  
2. Low Res i s t ance  Pa ths  
Copper s e g r e g a t e s  on to  d i s l o c a t i o n s  t o  form r e s i s t a n c e  pa ths  which 
may p a r a l l e l  t h e  p/n j unc t ion  o f  t h e  c e l l ,  caus ing  s h o r t s  o r  low 
r e s i s t i v e  s h u n t s  t h a t  reduce t h e  c e l l  e f f i c i e n c y .  
3. C a r r i e r  F luc tua t ion  
Random c l u s t e r s  of  dopant i m p u r i t i e s  (B, Ga, A l ,  P, A s  and Sb) may 
occur  a t  h igh  concen t r a t i ons  which could cause l a r g e  s p a t i a l  f l u c -  
t u a t i o n  of t h e  e l e c t r o n  and ho le  concen t r a t i ons .  Such f l u c t u a t i o n s  
could s i g n i f i c a n t l y  degrade t h e  i d e a l  cur ren t -vo l tage  c h a r a c t e r i s t i c s  
o f  a  h igh-ef f ic iency  c e l l .  
4. I n s u l a t i n g  C l u s t e r s  
Oxygen and n i t r o g e n  i n  s i l i c o n  may form s i l i con -ox ide  and s i l i c o n -  
n i t r i d e  c l u s t e r s  of  random s i z e s ,  They a r e  i n s u l a t i n g  o r  having a  
l a r g e  energy  gap and hence high p o t e n t i a l  b a r r i e r  t h a t  prevent  t h e  
t r a n s p o r t  of  e l e c t r o n s  and holes .  These i n s u l a t i n g  l a y e r s  w i l l  a l s o  
degrade t h e  cur ren t -vo l tage  c h a r a c t e r i s t i c s  and reduce e f f i c i e n c y .  
There were i n d i c a t i o n s  t h a t  they may a l s o  s e r v e  a s  s i n k s  f o r  t h e  
recombinat ion i m p u r i t i e s  t o  reduce t h e  t r a p  d e n s i t y  i n  t h e  a c t i v e  
r eg ion  of a  i n t e g r a t e d  c i r c u i t  t r a n s i s t o r .  This  proper ty  is l e s s  
e f f e c t i v e  s i n c e  t h e  t h i c k n e s s  o f  t h e  e l e c t r o n i c a l l y  a c t i v e  l a y e r  
i n  s o l a r  ce l l  is  much l a r g e r  (about  100 micro-meters) than  t h a t  i n  
i n t e g r a t e d  c i r c u i t s  ( a  few micro--meters o r  l e s s ) .  
5. E l e c t r o n i c  Trap Pas s iva t ion  
It has  been known t h a t  atomic hydrogen is very  e f f e c t i v e  i n  
p a s s i v a t i o n  of  e l e c t r o n i c  t r a p s  a t  non-dopant i m p u r i t i e s  and g ra in -  o 
boundary. The former is  a r e s u l t  o f  hydrogen-impurity bond format ion  
known a s  hydrogenation of  t h e  impur i ty  which r ende r s  t h e  impur i ty  
e l e c t r o n i c a l l y  i n a c t i v e  o r  causes  i t s  e l e c t r o n i c  bound s t a t e  t o  
d i sappear .  Grain boundary pas s iva t ion  by hydrogen has  been known f o r  
many y e a r s  and is  presumbly due t o  t h e  hydrogen bond formation w i t h  
t h e  dangl ing  s i l i c o n  bonds i n  t h e  g r a i n  boundary. 
Be PHYSICAL DEFECTS 
Phys i ca l  d e f e c t s  a r e  miss ing  h o s t  a t m s  and e x t r a  h o s t  a t m s  i n  i n t e r s t i -  
t i a l  s i tes ,  Most sf t h e  miss ing  h o s t  d e f e c t s  are known e l e c t r o n i c  t r a p s  which 
can be r e a d i l y  d e a c t i v a t e d  by hydrogenat ion e l e c t r i c a l l y ,  Some o f  t h e s e  a r e  
t h e  vacancy, divacancy and vacancy c l u s t e r s ,  vacancy-impurity c l u s t e r s ,  g r a i n  
boundaries  and per imeter  dmages .  
V. PROCESS OPTIMIZATION 
There a r e  v a r i o u s  ways t o  reduce t h e  imper f ec t ion  d e n s i t y  and t h e  recom- 
b ina t ion  l o s s e s  v i a  s e l e c t i o n  of  f a b r i c a t i o n  processes .  A few p o s s i b i l i t i e s  
a r e  reviewed. 
A .  CLEAN PROCESS 
A major p a r t  o f  t h e  recombination impur i ty  may be in t roduced  du r ing  wafer 
handl ing  p r i o r  t o  h igh  temperature  processing.  Clean handl ing  is  c r i t i c a l  t o  
reduce t h e  r e s i d u a l  recombination impur i ty  t o  l e s s  t han  about  101° ~ m ' - ~  which 
would g i v e  a  l i f e t i m e  of about 300 microseconds and a  recombinat ion c u r r e n t  
d e n s i t y  o f  about  2 x 1 0 - ~ ~  A/cm2 needed t o  reach  20% AM1 e f f i c i e n c y .  The d e n s i t y  
was based on a e l e c t r o n  t r app ing  diameter  of 10A and base doping d e n s i t y  of  
1016 cm-3. 
B. LOW TEMPERATURE 
Recombination l o s s e s  a t  phys ica l  d e f e c t s  and de fec t - impur i t y  complexes a r e  
important  l i m i t i n g  f a c t o r  i n  h igh  e f f i c i e n c y  c e l l s  due t o  t h e  very low d e n s i t y  
requirement we j u s t  i n d i c a t e d  on t h e  recombination i m p u r i t i e s .  S i l i c o n  
dangl ing  bonds and o t h e r  phys ica l  d e f e c t s  a r e  less l i k e l y  t o  form a t  lower 
process ing  temperatures .  The c u r r e n t  s i l i c o n  s o l a r  c e l l  p rocess ing  temperature  
of  800 t o  900C may a l r e a d y  be i n  t h e  optimum range. 
C. PASSIVATION 
~ a s s i v a t i b n  o f  t h e  impur i ty  and d e f e c t  recombination c e n t e r s  by atomic 
hydrogen is  a  d i s t i n c t  p o s s i b i l i t y  t o  f u r t h e r  reduce t h e  r e s i d u a l  e l e c t r i c a l l y  
a c t i v e  recombinat ion c e n t e r s .  Hydrogenation o f  t h e  r e s i d u a l  dangl ing bonds a t  
t h e  o x i d e / s i l i c o n  i n t e r f a c e  and some m e t a l l i c  recombination i m p u r i t i e s  and 
s i l i c o n  vacancy c l u s t e r s  i n  t h e  s i l i c o n  bulk have been demonstrated i n  s i l i c o n  
s i n g l e  c r y s t a l s  but  y e t  t o  be i n  s i l i c o n  device  o r  s o l a r  c e l l s .  Hydrogen 
p a s s i v a t i o n  o f  t h e  s i l i c o n  dangl ing  bonds a t  g r a i n  boundary and i n  amorphous 
s i l i c o n  has  been w e l l  known f o r  many years .  I n  view o f  t h e  very low d e n s i t y  
requirement o f  t h e  high e f f i c i e n c y  c e l l s ,  t h e  dangl ing  bond d e n s i t y  i n  t h e  
s t a r t i n g  s i l i c o n  and i n  t h e  f i n i s h e d  c e l l  before  p a s s i v a t i o n  must be very low 
and then  a  n e a r l y  complete pas s iva t ion  by hydrogen o f  t h e  r e s i d u a l  bonds may be 
a t t a i n e d  which is  necessary  f o r  t h e  very high e f f i c i e n c y  c e l l s .  Pas s iva t ion  
by hydrogen may be a  v i a b l e  process  f o r  s o l a r  c e l l s  whose a c t i v e  l a y e r s  a r e  
t h i c k  ( t e n s  t o  hundreds of micrometers) s i n c e  t he  d i f f u s i o n  and migra t ion  r a t e  
of atomic hydrogen is  very high a t  temperatures  s l i g h t l y  above room 
temperature .  This  high mob i l i t y ,  a l though an advantage f o r  d e a c t i v a t i n g  t h e  
dangl ing bonds of t h e  recombination t r a p s ,  may a l s o  be a  l i m i t i n g  f a c t o r  on t h e  
c e l l  ~ e l i a b i l i t y  such a s  t h e  goal of 20-year o r  t h e  more recent 38-year 
o p e r a t i n g  l i f e ,  
G e t t e r i n g  o f  t h e  recombinat ion i m p u r i t i e s  t o  reduce  recombination o r  J 1  has  
been s u c c e s s f u l l y  demonstrated i n  t h e  l a b o r a t o r y  and g e t t e r i n g  h a s  sometimes 
been employed i n  t h e  product ion  o f  s i l i c o n  t r a n s i s t o r s  and i n t e g r a t e d  c i r c u i t s .  
The s i n k  f o r  t h e  recombinat ion i m p u r i t i e s  du r ing  a h i g h  tempera ture  g e t t e r i n g  
procedure i s  u s u a l l y  a s u r f a c e  ox ide  g l a s s ,  a damaged s u r f a c e  l a y e r ,  a h igh  
concen t r a t i on  d i f f u s e d  s u r f a c e  l a y e r  o r  even a  p o l y s i l i c o n  s u r f a c e  l aye r .  The 
l a s t  ha s  been t h e  most e f f e c t i v e .  G e t t e r i n g  r e l i e s  on  t h e  h igh  mob i l i t y  o r  
d i f f u s i v i t y  o f  t h e  recombinat ion i m p u r i t i e s  i n  s i l i c o n  a t  t h e  g e t t e r i n g  
tempera tures ,  u s u a l l y  n e a r l y  t h e  d i f f u s i o n  o r  t h e  o x i d a t i o n  temperature .  It 
a l s o  r e l i e s  on t h e  assumption t h a t  t h e  s i n k  has  a  much h ighe r  s o l u b i l i t y  than  
s i l i c o n  a t  t h e  g e t t e r i n g  temperature  and t h e  g e t t e r i n g  volume o r  l a y e r  t h i ck -  
n e s s  i s  s u f f i c i e n t l y  l a r g e  s o  t h a t  i t  is n o t  s a t u r a t e d  by t h e  g e t t e r e d  
impur i ty ,  G e t t e r i n g  can be made e f f e c t i v e  i n  many s i l i c o n  t r a n s i s t o r  and 
i n t e g r a t e d  c i r c u i t  f a b r i c a t i o n  processes  s i n c e  t h e  a c t i v e  s i l i c o n  l a y e r s  a r e  
u s u a l l y  very  t h i n  s o  t h a t  a  r e l a t i v e l y  s h o r t  g e t t e r i n g  time and low g e t t e r i n g  
temperature  a r e  adequate .  G e t t e r i n g  may n o t  be a s  e f f e c t i v e  i n  s o l a r  c e l l ,  
e s p e c i a l l y  f o r  improving t h e  e f f i c i e n c y  t o  beyond 20% s i n c e  t h e  a c t i v e  l a y e r  i n  
s o l a r  c e l l  is very t h i c k  and may be t e n  o r  more times l a r g e r  t han  d i f f u s i o n  
l e n g t h  o f  t h e  to-be-get tered recombination i m p u r i t i e s  f o r  a  one-hour h igh  
temperature  g e t t e r i n g .  Considerable  r e sea rch  e f f o r t s  have been spen t  t o  show 
t h a t  t h e  important  recombinat ion i m p u r i t i e s ,  T i ,  Mo, and W, i n  s i l i c o n  s o l a r  
ce l l  on ly  d i f f u s e s  toward t h e  s u r f a c e  s i n k s  by a  sma l l  amount, up t o  about  f i v e  
microns,  i n  t h e  ce l l  f a b r i c a t i o n  temperature  range o f  800 t o  1000C. T h i s  is 
h ighly  inadequate  f o r  g e t t e r i n g  t h e s e  i m p u r i t i e s  by a s u r f a c e  s i n k  i n  a  
100-micrometer a c t i v e  l a y e r  o f  a  h igh  e f f i c i e n c y  s i l i c o n  s o l a r  c e l l .  
V I .  DEVICE DESIGNS 
Innovat ive  device  des igns  have been proposed and demonstrated by a  number 
o f  s i l i c o n  s o l a r  c e l l  r e s e a r c h e r s  t o  reduce recombinat ion l o s s e s  i n  o r d e r  t o  
improve t h e  e f f i c i e n c y  t o  20% and beyond. Some o f  t h e s e  a r e  descr ibed  below. 
More d e t a i l e d  d e s c r i p t i o n s  o f  t h e s e  c e l l  s t r u c t u r e s  and t h e  experimental  
r e s u l t s  can be found i n  t h e  a r t i c l e s  of  t h e  s p e c i a l  i s s u e  o f  S o l a r  Cell 111 
and i n  r e f e r ences  c i t e d  i n  123. 
A. REDUCTION OF INTERFACE RECOMBINATION LOSSES 
P o l y s i l i c o n  e m i t t e r  and p o l y s i l i c o n  base c o n t a c t s  have been proposed and 
demonstrated t o  reduce t h e  i n t e r f a c i a l  recombinat ion l o s s e s  a t  t h e s e  c o n t a c t s  
which were d i s cus sed  a s  recombination l o c a t i o n s  1 and 11. 
The p o l y s i l i c o n  e m i t t e r  concept may be thought  o f  a s  a n  ex tens ion  o f  t h e  
th in-oxide-bar r ie r  between t h e  e m i t t e r  metal  c o n t a c t  and t h e  s i l i c o n  e m i t t e r  
used by Green t o  a t t a i n  19% AM1 e f f i c i e n c y .  The r e l i a b i l i t y  and reproduci- 
b i l i t y  o f  t h e  t h i n  t unne l ing  oxide b a r r i e r  a r e  y e t  t o  be demonstrated f o r  t h e  
very l a r g e  a r e a  c e l l s  while  t h e  p o l y s i l i c o n  emitter is  expected t o  be much 
s u p e r i o r  due t o  t h e  h igher  temperature  o f  formation and t h e  t h i c k e r  f i lm  o f  t h e  
p o l y s i l i e o n  e m i t t e r .  
Oxid ized  f r o n t  and back s i l i c o n  surfaces have a lso been employed t o  reduce 
t h e  i n t e r f a c i a l  r ecombina t ion  l o s s e s  a t  t h e  exposed f r o n t  s u r f a c e  ( 1 m a t i o n  2 )  
and  a major  p a r t  of' t h e  back s u r f a c e  ( I s e a t i o n  9%) j u s t  d e s c r i b e d ,  The improve- 
ment i s  e s p e c i a l l y  drastic f o r  t h e  f r o n t  s u r f a c e  which was demomdra ted  by 
removing t h e  f r o n t  o x i d e ,  r e s u l t i n g  i n  a l a r g e  r i s e  o f  t h e  d a r k  recombina t ion  
c u r r e n t ,  J1, and  a n o t i c e a b l e  lower ing  sf t h e  e f f i c i e n c y .  The o x i d e  pass iva -  
t i o n  c o n c e p t  h a s  been ex tended  and implemented t o  t h e  back s u r f a c e  w i t h  obser -  
v a b l e  improvement bu t  t h e  e f f e c t  is less due t o  s h i e l d i n g  by t h e  BSF l a y e r .  
The h igh / low j u n c t i o n  s h i e l d  concep t  was f i rs t  employed f o r  t h e  back 
s u r f a c e  by t h e  NASA-Lewis group { s e e  r e f e r e n c e s  i n  [ 4 ] } .  T h i s  was ex tended  t o  
t h e  f r o n t  e m i t t e r  l a y e r  by u s  C71 and i n c l u d e d  some i n n o v a t i v e  h i g h  e f f i c i e n c y  
ce l l  d e s i g n s  by o t h e r s  suppor ted  by t h e  JPL/DOE program. It i s  probab le  t h a t  
t h e  n e a r l y  20% c e l l  o f  Green had such  a h igh / low e m i t t e r  j u n c t i o n  which is 
i n e v i t a b l y  p r e s e n t  i n  a doubly d i f f u s e d  emitter t h a t  c o n s i s t s  o f  a first low- 
c o n c e n t r a t i o n  and d e e p e r  (0.2 micron)  d i f f u s i o n  and a second h i g h - c o n c e n t r a t i o n  
s h a l l o w e r  d i f f u s i o n  (0 .1  micron o r  less).  
B. REDUCTION OF BULK RECOMBINATION LOSSES 
Thin [ 8 ]  and graded [ 9 ]  base ,  e s p e c i a l l y  u s i n g  e p i t a x i a l  l a y e r s  on h i g h l y  
doped s u b s t r a t e ,  shou ld  be e f f e c t i v e  i n  r e d u c i n g  t h e  base  recombina t ion  l o s s e s  
which are thought  t o  be t h e  main remaining l o s s  a f t e r  e m i t t e r  r ecombina t ion  
l o s s e s  are e l i m i n a t e d  i n  h i g h  e f f i c i e n c y  (20%) t o  v e r y  h i g h  e f f i c i e n c y  0 2 0 % )  
c e l l s .  Design demons t ra t ions  were g i v e n  by u s  r e c e n t l y  C81 which showed t h a t  
20% c e l l s  can  be  a t t a i n e d  by reduc ing  t h e  a c t i v e  base  t o  a b o u t  50 microns  even 
f o r  a not- too-high m i n o r i t y  c a r r i e r  l i f e t i m e ,  20 microseconds,  o r  a base  recom- 
b i n a t i o n  i m p u r i t y  d e n s i t y  o f  l o J 2  ~ r n - ~ .  T h i s  recombina t ion  i m p u r i t y  concen t ra -  
t i o n  requ i rement  i g  100 times less s e v e r e  t h a n  101° ~ m - ~ ~ u o t e d  i n  t h e  e a r l y  
p a r t  o f  t h i s  paper  f o r  a t h i c k  base  c e l l .  It d r a m a t i c a l l y  i l l u s t r a t e s  one  
a t t r a c t i v e  c e l l  d e s i g n  concep t  f o r  h i g h  e f f i c i e n c y ,  t h e  t h i n  g raded  b a s e ,  which 
h a s  y e t  t o  be f u l l y  e x p l o r e d  e x p e r i m e n t a l l y .  
C. REDUCTION OF PERIMETER RECOMBINATION LOSSES 
P e r i m e t e r  recombina t ion  l o s s e s  ( l o c a t i o n s  4, 6 ,  9 and 13) can  d r a s t i c a l l y  
r e d u c e  t h e  c e l l  e f f i c i e n c y  [51. Dic ing  t h e  c e l l  by chemica l  e t c h  i n s t e a d  saw 
c u t  c o u l d  reduce  t h e  recombinat ion t r a p  d e n s i t y  on t h e  p e r i m e t e r  s u r f a c e .  
Etched groove which is subsequen t ly  o x i d i z e d  can  f u r t h e r  r e d u c e  p e r i m e t e r  
recombina t ion  l o s s e s .  D i f f u s i o n  i s o l a t i o n  o f  t h e  c e l l  edge may be most 
e f f e c t i v e  a t  t h e  expense o f  a s m a l l  r e d u c t i o n  o f  t h e  e f f e c t i v e  ce l l  a r e a .  The 
main p o i n t  is t h a t  t o  r e a c h  e f f i c i e n c i e s  o f  more t h a n  20$, t h e  p e r i m e t e r  
recombina t ion  l o s s ,  p r e v i o u s l y  unimportant  i n  17% o r  less c e l l s ,  may become a 
l i m i t i n g  f a c t o r .  
D. G R A I N  BOUNDARY PASSIVATION I N  POLYSILICON CELLS 
I n  p o l y - c r y s t a l l i n e  s i l i c o n  s o l a r  c e l l s ,  h igh  e f f i c i e n c y  c e l l  s t r u c t u r e s  
may be f a b r i c a t e d  u s i n g  t h e  h i g h  d i f f u s i v i t y  o f  phosphorus and hydrogen a l o n g  
t h e  g r a i n  boundary p lane .  F ig .  5 shows a P+/N/N+ c e l l  s t r u c t u r e  where use  is 
made o f  t h e  fast phosphorus d i f f u s i o n  a l o n g  t h e  g r a i n  boundary Grom t h e  back 
s u r f a c e  du r ing  t h e  N+ BSF d i f f u s i o n .  Pig.  6 shows t h e  oppos i t e  o f  Fig.  5 i n  
whieh t h e  phosphorus d i f f u s i o n  down t h e  g r a i n  boundary is  frm t h e  f ron t  
s u r f a c e  du r ing  t h e  N+ emitter d i f f u s i o n  i n  a n  M+/P/$a eel1 s t r u c t u r e .  Pos  
e a s e  of i l l u s t r a t i o n ,  t h e  g r a i n  boundaries  are shown pe rpend icu l a r  t o  t h e  f i l m  
p lane  and e q m l l y  spaced. Gra in  s i z e  and boundary a r e  randonaly d i s t r i b u t e d  i n  
r e a l i s t i c  s i t u a t i o m .  For  both o f  t h e s e  two s t r u c t u r e s ,  t h e  g r a i n  boundary 
d i f f u s i o n  o f  phosphorus has  he lped  t o  form a high/ low Junc t ion  s h i e l d  l a b e l e d  1 
on t h e s e  f i g u r e s  (N+/N i n  t h e  P+/N/N+ c e l l  i n  Fig.  5 and P+/P i n  t h e  N+/P/P+ 
c e l l  i n  Fig.  6) .  These high/low junc t ion  p o t e n t i a l  b a r r i e r s  s h i e l d  t h e  photo- 
genera ted  mino r i t y  c a r r i e r s  from reaching  t h e  g r a i n  boundary which c o n t a i n s  a 
h igh  d e n s i t y  of recombination c e n t e r s .  The r eg ion  l a b e l e d  2 i n  Fig.  6 is a N/P 
junc t ion  which s h i e l d s  t h e  g r a i n  boundary from t h e  m i n o r i t y  c a r r i e r s .  The 
i n t e r s e c t i o n  a t  t h e  ox ide  s u r f a c e ,  l a b e l e d  3, could al lowed enhanced hydrogen 
d i f f u s i o n  down t o  t h e  g r a i n  boundary i n  o r d e r  t o  p a s s i v a t e  t h e  g r a i n  boundary 
t r a p s  by hydrogenat ion,  which would be f u t h e r  enhanced i f  t h e  ox ide  on t h e  end 
o f  t h e  g r a i n  boundary can be removed by a p r e f e r e n t i a l  e t c h a n t .  
V I I .  SUMMARY 
The requirements  f o r  h igh-ef f ic iency  s i l i c o n  s o l a r  c e l l s  a r e :  ( 1 )  low 
r e s i s t i v i t y  bulk t o  main ta in  low i n j e c t i o n  l e v e l  i n  t h e  base i n  o r d e r  t o  have 
t h e  r=l  i d e a l  Shockley da rk  d iode  law, ( 2 )  low recombinat ion c e n t e r  d e n s i t y  i n  
t h e  base,  a f t e r  e m i t t e r  and i n t e r f a c e  recombination l o s s e s  a r e  reduced o r  
e l imina t ed ,  and low recombination c e n t e r  d e n s i t y  i n  g r a i n  boundaries  of  
p o l y s i l i c o n  cel ls  such  a s  by phosphorus and hydrogen d i f f u s i o n  p a s s i v a t i o n ,  ( 3 )  
low tempera ture  and c l e a n  f a b r i c a t i o n  process ing  t o  reduce impur i t y  and 
phys i ca l  d e f e c t  recombination s i t e s ,  and ( 4 )  innovat ive  c e l l  des igns  t o  s h i e l d  
t h e  h igh  t r a p  d e n s i t y  s i t e s  from photo-generated m i n o r i t y  c a r r i e r s  by p o t e n t i a l  
b a r r i e r s  o f  high/low junc t ions  and p o l y s i l i c o n / s i l i c o n  c o n t a c t s  b a r r i e r s .  
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Figure 1 Current-Voltage characteristics of five illmineted 
diodes wi th  different recombination mechanisms and 
their equivalent circuit diaram. 
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Figure 2 Nine imporbnt rscmbination looations and dominant 
mechanisms in  a typical single-crystalline solar c e l l .  
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Figure 3 Four rscombinaLion loeations i n  the back surface f i e ld  
layer of a single-eryslalline solar c e l l .  
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Figure 4 Recombination loca t ions  i n  t h e  g ra in  boundaries of a  
poly-crys ta l l ine  s o l a r  c e l l .  
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Figure  5 Pas s iva t ion  o r  s h i e l d i n g  o f  t h e  g r a i n  boundaries by 
phosphorus and hydrogen d i f f u s i o n  i n  a  n-type 
p o l y s i l i c o n  s o l a r  c e l l .  
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Figure  6 Pass iva t ion  o r  s h i e l d i n g  s f  t h e  g r a i n  boundaries by 
phosphorus and hydrogen d i f f u s i o n  in a g-type 
go ly - s i l f  con solar  c e l l .  
DISCUSSION 
PRINCE: You gave us a very thorough discussion of the various recombination 
processes, 13 in single-crystal and 1 6  in polyerystal. Have you ordered 
these in some way to tell us which are the most importank ones that must 
be eliminated, or are you going to have that information in your paper, or 
can you reference some papers that have this information? 
SAH: I think for single-crystal material, the impurity recombination in the 
base would be the remaining one. After most of the impurity recombination 
in the base is renloved, then a limit will be reached that will not be 
possible to reduce much further due to the radiative intra--band Auger 
recombination. At that point, cells with efficiencies of 23 to 24% or 
more will be obtained. In the polycrystalline cells, the grain boundary 
is the most serious problem. One needs to eliminate the recombinations in 
the grain boundary by, perhaps, specially designed devices, structure 
design, or by hydrogenation. I think that if the dangling bonds in the 
grain boundary were tied up with hydrogen, they will not be electrically 
active as recombination sites. 
